In Arabidopsis, LTR-retrotransposons are activated by mutations in the chromatin remodeler 1 7
successful retroelement by far in terms of copy number increases, although transposition of 1 3 7 elements of the ATGP3, ATCOPIA13, ATCOPIA21, and ATCOPIA51 subfamilies have also been Differential analysis of uniquely mapped VLP DNA short sequencing reads with replicates from 1 4 0 wild-type, ddm1 and ddm1rdr6 mutants revealed dramatic enrichment from all of these 1 4 1 subfamilies as well as ATGP10, ATCOPIA48, ATCOPIA52, and ATCOPIA76 elements, consistent Table S1 ). The forward and forward-forward paired end reads, respectively, indicating auto-integration was the 1 7 6 major source of these circles (Fig. 2B ). In yeast, auto-integration occurs near the central PPT (cPPT) taking advantage of a DNA flap 1 7 9
structure (Garfinkel et al., 2006) . There was no strong indication of a DNA flap based on 1 8 0 polypurine sequences and read alignment in SISYPHUS. We mapped individual long reads to up to the integration site, while inversion circles have an inverted portion separating the two LTR 1 8 4 (Garfinkel et al., 2006) . Strikingly, many of the SISYPHUS ONT reads fell into these categories, 1 8 5 comprising either the 5' or the 3' LTR contiguous with a truncated or inverted portion of the 1 8 6 retrotransposon (Supplemental Fig. S1C ). These structural variants indicated the presence of 1 8 7 circularly permuted reads, which were presumably arbitrarily sheared during library preparation. Among all the COPIA and GYPSY elements examined, only SISYPHUS gave rise to large 1 8 9 numbers of these structural variants (Supplemental Table S1 ). The inversions spanned diverse 1 9 0 regions of the element, consistent with inversion circles. The deleted portions terminated at 1 9 1 inferred autointegration sites, which were distributed throughout the length of the element, 1 9 2 consistent with the lack of a cPPT flap in SISYPHUS. One possibility is that nuclear import of Fig. S5 ; Supplemental Tables S2,S3 ). Among 31 up-regulated transposons in 2 5 5 ddm1rdr6 relative to ddm1, 26 elements belonged to ATHILA LTR retrotransposon families 2 5 6 (Supplemental Table S3 ), which are a major source of RDR6-dependent easiRNA. Although this miRNA acting as a trigger, easiRNA accumulated along the length of the mRNA between the 2 7 5 LTRs ( Fig. 6B ; Supplemental Table S4 ). In the case of EVADE, 4 miRNA were predicted to target 2 7 6 the gRNA somewhere along its length. Remarkably, miR2938 was predicted to target the start 2 7 7 1 2 codon of the GAG gene immediately 5' of the easiRNA cluster, while miR5648-5p targets the 3' indicating that miR5663 might target unspliced gRNA and promote the accumulation of spliced 2 9 0 GAG RNA, but further experiments would be required to demonstrate this requirement. Negative accounting for lack of regulation by RDR6. In contrast, significant levels were detected in pollen In plants, both 21/22nt easiRNA and 24nt siRNA species have the capacity to direct DNA ChIP-seq in wild-type, ddm1 and ddm1rdr6 plants. As expected, ddm1 mutants showed genome-3 0 9
wide loss of H3K9me2 relative to wild-type (Supplemental Fig. S6 ; Supplemental Table S5 ). We
identified a subset of regions that, in contrast to the rest of the genome, maintained high levels of
H3K9me2 in ddm1. These loci were composed almost entirely of ATHILA family elements and RDR6-dependant H3K9me2 had higher levels of 21-22nt and 24nt sRNAs than those that were 3 1 6
unaffected (Supplemental Fig. S6C ). In contrast, COPIA elements were not associated with elements known to transpose. Ancient ATHILA elements did not make full-length VLP DNA Marin, 2008), but short products matching the LTR appeared to correspond to aborted strong stop We found that some retrotransposons are regulated post-transcriptionally by RNA interference, transcriptional silencing occurred in the absence of DNA methylation in ddm1 mutants. In plants, RNAi dependent histone modification is thought to depend on RNA dependent DNA methylation, found in asymmetric CHH contexts. As CHH methylation stays more or less the same in ddm1,
while H3K9me2 is increased ( Fig. 7) , this might indicate the existence of a novel pathway for 3 5 5
RNA guided histone methylation, resembling that found in Drosophila, C.elegans and fission 3 5 6
1 5
yeast, which lack DNA methylation. Further investigation will be required to establish if such a 3 5 7 pathway exists. In contrast to ATHILA, linear extrachromosomal copies of EVADE accumulated in ddm1 and were EVADE GAG-POL is far more abundant than SISYPHUS GAG-POL, although both were 3 6 7
unchanged in the absence of RDR6 (Fig. 6 ). As the integrase protein is translated from this 3 6 8
transcript, this could contribute to lack of nuclear integration of SISYPHUS relative to EVADE.
3 6 9
Thus, while easiRNA have a significant impact on COPIA gRNA accumulation, and so inhibit In conclusion, long read and short read sequencing of VLP DNA has revealed features that for identifying active transposons from complex genomes, and for investigating molecular shows that these features may play a significant role in the activity of EVADE, the most active Leveraging long read sequencing, complete sequences of active transposon intermediates can be 3 9 0 studied even when no reference genome is available. All genotypes in this study are Col-0 background including wild-type, dcl1-11, ddm1-2, and rdr6-3 9 5
15. Genotyping primers are listed in Supplemental Table S6 . Homozygous plants of ddm1-2 and 3 9 6 ddm1-2 rdr6-15 were generated from heterozygous ddm1-2 backcrossed five times with Col-0 3 9 7
(ddm1-2 BC5), and their 2 nd generation was used for VLP DNA-seq experiments. For polysomal 3 9 8
RNA-seq experiments, inbred ddm1-2 was independently crossed to 35S:FLAG-RPL18 and to primers as reference (the primers are listed in Supplemental Table S6 ). Southern blotting was ChIP was performed with two biological replicates of 10-d-old seedlings using H3K9me2 4 0 9 (Abcam; ab1220) and H3 (Abcam; ab1791) antibodies, following a previously described protocol Green Supermix. Primers are listed in Supplemental Table S6 . Library Preparation Kit (EPicentre). Microsome-polysomal RNA was obtained using a previously Virus-like-particles were purified using modified method reported previously (Bachmair et al., were added and mixed. The slurry was transferred to a 50 ml tube and centrifuged for 5 min at The DNA was sheared to 650 bp using Covaris S220 and subsequently used for DNA-seq library mapping to bacterial genomes (up to 95% in WT), and these were discarded. Reads mapping 4 8 2 equally well to multiple locations were randomly assigned, and chimeric/split read alignments al., 2014). Pairwise differential expression at TAIR10 transposon loci was tested across three 4 8 7
wild-type, two ddm1, and three ddm1rdr6 replicates using quasi-likelihood F-tests in edgeR 4 8 8 (Robinson et al., 2010) , controlling FDR at 5% and a log 2 (fold-change) threshold of 2. Oxford Nanopore Technologies long-read libraries were prepared as follows: 10 ng per genotype 4 9 1 of purified VLP DNA extract was pooled from the replicate samples and initially amplified 4 9 2 following the conditions in the "1D Low-input genomic DNA with PCR" (SQK-LSK108) 4 9 3 protocol with reagents. End-repair, dA-tailing and PCR adapter ligation were performed, Ampure XP beads (Agencourt), and 300 ng of eluate per sample was carried through to library 4 9 6 preparation following the "1D Genomic DNA by Ligation" protocol with SKQ-LSK109 reagents. Libraries were loaded onto r9.4 (FLO-MIN106) flow cells and sequenced on a GridION X5.
9 8
Basecalling was performed offline with Guppy v2.3.1 using the default r9.4.1 model. Using 272. particle formation of Drosophila copia through autocatalytic processing. EMBO J 9: 535-541. Counts Per Million (CPM) 5' LTR 3' LTR 5' LTR 3' LTR 5' LTR 3' LTR 5' LTR 3' LTR 5' LTR 3' LTR 5' LTR 3' LTR 21-22nt sRNAs 24nt sRNAs 5' LTR 3' LTR 5' LTR 3' LTR 5' LTR 3' LTR 5' LTR 3' LTR 5' LTR 3' LTR 5' LTR 3' LTR WT ddm1 ddm1rdr6 WT ddm1 ddm1rdr6 Figure 7 
